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Abstract
Background: The quality of cDNA microarray data is crucial for expanding its application to other
research areas, such as the study of gene regulatory networks. Despite the fact that a number of
algorithms have been suggested to increase the accuracy of microarray gene expression data, it is
necessary to obtain reliable microarray images by improving wet-lab experiments. As the first step
of a cDNA microarray experiment, spotting cDNA probes is critical to determining the quality of
spot images.
Results: We developed a governing equation of cDNA deposition during evaporation of a drop in
the microarray spotting process. The governing equation included four parameters: the surface site
density on the support, the extrapolated equilibrium constant for the binding of cDNA molecules
with surface sites on glass slides, the macromolecular interaction factor, and the volume constant
of a drop of cDNA solution. We simulated cDNA deposition from the single model equation by
varying the value of the parameters. The morphology of the resulting cDNA deposit can be
classified into three types: a doughnut shape, a peak shape, and a volcano shape. The spot
morphology can be changed into a flat shape by varying the experimental conditions while
considering the parameters of the governing equation of cDNA deposition. The four parameters
were estimated by fitting the governing equation to the real microarray images. With the results
of the simulation and the parameter estimation, the phenomenon of the formation of cDNA
deposits in each type was investigated.
Conclusion: This study explains how various spot shapes can exist and suggests which parameters
are to be adjusted for obtaining a good spot. This system is able to explore the cDNA microarray
spotting process in a predictable, manageable and descriptive manner. We hope it can provide a
way to predict the incidents that can occur during a real cDNA microarray experiment, and
produce useful data for several research applications involving cDNA microarrays.
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With the advance in technology for simultaneous acquisi-
tion of information on a number of genes' expression, the
research area of bioinformatics is expanding into the
reconstruction of a system composed of such genes.
Within a decade, the technology of cDNA microarray
experiments has been extensively developed, and its usage
has exponentially increased. To improve the accuracy of
microarray data, a number of techniques in post-process-
ing microarray data were suggested from image analysis to
statistical data processing. However, in spite of those
efforts, the increase in accuracy of post-processing has a
limit. After all, the improvement in wet-lab experiments,
such as ensuring the conditions for sound spotting of
cDNA probes, is necessary to obtain reliable microarray
data. Most cDNA microarray images contain spots in var-
ious shapes, including doughnut-shaped spots, which
consist of pixels of high intensity at the perimeter and
those of low intensity in the central area. Such patterns of
spot images are primarily due to the non-uniform distri-
bution of cDNA molecules while the cDNA solution dries
out during the microarray printing process.
Spot morphology influences the measurement of gene
expression levels. In particular, doughnut-shaped spots
among them can often cause errors in measuring the sig-
nals. The inner hole can be either a blank or an area com-
posed of pixels of lower signal than those in the perimeter
(Figure 1). When calculating the measure of a spot signal,
there is a large difference between the inclusion and exclu-
sion of the hole in the spot area. If the hole is a complete
blank, the area of the hole should be excluded from the
spot area when the spot signal is measured. Otherwise, it
should not be excluded. To overcome this, several tech-
niques have been developed for detecting the effective
area of a spot [1,2]. They basically require some thresh-
olds or parameters that are critical in determining the
effective area. In a microarray image, each of the thou-
sands of spots has a unique morphology and range of
pixel intensity. Therefore, it is not proper to use a single
method to calculate gene expression levels from the spots
in various shapes and characteristics.
Since microarray became widely used for obtaining high-
throughput gene expression data, several methods for
simulating the microarray experiment have been sug-
gested [3-7]. Simulation is useful for designing and testing
both the experiment and the analysis in real fields of
study. This makes it possible to predict how the experi-
ment will proceed or how well the analysis will work,
before it is realized. In addition, it also provides synthetic
data for analysis, when the realization is impossible due
to a technical problem. Previous methods focused on
mimicking images generated by real cDNA microarray
experiments, and their parameters for determining the
features of spots were based on certain probabilistic mod-
els. Wierling et al.[4] classified spots into three categories:
convex, crater-like, and cylindrical spots. Balagurunathan
et al.[3] simulated spots from simple circles and modified
them by resizing radii, punching holes in the centre of
spots, reshaping spots by removing chords, and enhanc-
ing intensities at the edge of spots. However, if it were not
based on the investigation of physical and chemical
nature, it would fail to correctly simulate and might con-
fuse the experimenters with the results.
In this respect, it is important to study the formation of
the variously shaped spots. The phenomenon of deposi-
tion of solute drop on the free surface has been studied [8-
14]. Deegan et al. explained the formation of a ring-
shaped stain when a coffee drop evaporates as a result of
"pinning" of the contact line. Heim et al.[15] noticed the
importance of study of the deposition of DNA unspecifi-
cally bound on the microarray slide. However, microarray
experiments are performed on slides specially manufac-
tured for the purpose of increasing the sensitivity and the
specificity of the results. A capping step to prevent non-
specific adsorption on the support during hybridization
and to decrease the background noise is often performed.
To minimize the loss of cDNA by hybridization or wash-
ing out, the surface of a glass slide is usually coated with
substrates [16]. Therefore, it is necessary to study the char-
acteristics of cDNA deposition by close investigation
focused on the microarray experiment.
Various spot shapes in real microarray imagesFigure 1
Various spot shapes in real microarray images. (A) 
Real microarray images contain spots in various shapes [38] 
[40]. (B) The 3D image of spots in the real microarray images 
were reconstructed by plotting image intensity on the z-axis 
(C) The radial profiles of the 3D images were obtained 
where the section passed through the centre.Page 2 of 11
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deposition during the microarray spotting process using
the contact printing technology by bringing parameters
from cDNA microarray experiments. This study analyzes
cDNA microarray spot formation and elucidates parame-
ters which affect the spot morphology. The study of the
origin of various patterns in spot morphology suggests
how to manufacture good microarray spots.
Results
cDNA deposit model generation
We consider a drop of cDNA solution on a glass slide
coated with a chemical layer bearing ended function able
to bind strongly with cDNA. While the cDNA solution is
spotted on the slide, the strong adhesive forces of the
chemical layer pull a drop of cDNA solution reserved in
the channel of the spotting pin, and the cDNA molecules
bind to the surface sites of the chemical layer so as to be
immobilized. While the drop is dehydrated, the concen-
tration of cDNA changes in two ways simultaneously: 1)
it increases due to the evaporation of water at the surface
of the drop; 2) it also decreases due to the deposition of
cDNA molecules on the surface of the glass slide dried out
from the rim of the drop. Because water evaporates at an
equal rate across the surface of the drop, the rate of change
of the volume V is proportional to the surface area S, such
that
where KE is the evaporation constant reflecting the condi-
tions of the experiment, such as temperature, humidity,
and atmospheric pressure, etc.
When a drop of cDNA solution is spotted on a glass slide,
it has a hemispheric-like shape on the condition of the
surface tension of the drop and the hydrophobicity of the
original surface of the slide. If we consider the drop as a
spherical cap, the volume and the surface area are propor-
tional to the cube and the square of the contact radius r,
such that V(r) = KVr3 and S(r) = KSr2. KV and KS are the vol-
ume and the surface constants, respectively, such that
where  is the contact angle of drop on the slide. Because
the drop undergoes morphological transition during
evaporation, the contact angle is a function of time t,  = 
(t), and the rate of change in volume is
Several studies have investigated the morphological tran-
sition of a drop during its evaporation [17-20]. At the
beginning of evaporation, the contact line is pinned, i.e.,
while the contact radius remains constant, the drop
diminishes in volume as the contact angle and the drop
height decrease (State I). When the contact angle and the
drop height decrease to a certain level, the contact line is
depinned, i.e., the contact radius starts to retract with the
decrease of drop height and the contact angle becomes
constant (State II).
At state I, cDNA molecules bind with the surface sites in
the whole contact area of the drop in the chemical equi-
librium state, as follows:
where x0 is the surface site density on the support and a is
the interaction factor for the non-ideal adsorption behav-
iour of macromolecules [21]. If a = 0, the equation is the
same as the Langmuir adsorption equation, and other-
wise, it describes the non-ideal adsorption behaviours,
such as repulsion (a > 0) and attraction (a < 0) between
molecules [22,23]. Therefore, the equilibrium constant
for the binding reaction is Ke-ax, where K is the extrapo-
lated equilibrium constant. The concentration of cDNA, ,
rises during evaporation without reduction of the radius
of the drop, and, therefore, the quantity of cDNA mole-
cules, x, which bind with the surface sites in a unit area
increases nonlinearly.
At state II, as the contact line moves back, the cDNA mol-
ecules start to deposit at the contact line. The recession of
the contact line prevents cDNA molecules from dissolving
back into the drop. Because the contact angle becomes
constant, KV and KS do not vary with time, and, therefore,
the second term on the right-hand side of the equation (3)
can be omitted. Then the rate of change in the contact
radius can be also constant, as in
Let (t) represent the concentration of cDNA at time t
when the contact radius becomes r(t). If we assume that
the density of the surface sites is constant in the contact
area of a given drop, then
dV
dt
K SE= − (1)
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beginning deposition, and V0 is the initial volume of the
drop. Then, equation (6) can be simplified under the
assumption that the contact angle is constant after the
beginning of cDNA deposition, such as
where r0 = r(0). From the temporal derivative of the con-
centration of the drop, we can derive its radial derivative,
as in
The radial derivative of the deposit can be obtained from
equation (4) and (7), as follows:
The solution of equation (8) is the density of cDNA
deposit at the distance r from the centre, which can be
solved by an ordinary differential equation solver with the
four parameters, x0, K, a, and KV.
Spot simulation
From a real microarray image [24], we identified the three
types of spots (Figure 2). Using the radial cDNA deposit
profile obtained from equation (8) with varying parame-
ters, x0, K, a, and KV, we obtained several types of radial
cDNA deposit profiles (Figure 3).
Doughnut-shaped spot
The doughnut-shaped spot was defined as the spot having
a thin rim of high density of deposited cDNA and a large
hole of very low density, approximated to zero (Figure 4a,
left and middle). The diameters of the inner hole of the
doughnut-shaped spots were measured by varying the
parameters. Histograms of the density of deposited cDNA
were bimodal, which had a peak at zero (Figure 4a, right).
If the inner hole is included in measuring the signal, then
there will be a discrepancy between the measures and the
true value. To verify which parameter can influence the
morphology of the doughnut-shaped spot, we changed
ρ( )t Initial quantity of cDNA Deposited cDNA
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Three types of spot morphology in a real microarray imageFigure 2
Three types of spot morphology in a real microarray 
image. (A) The doughnut-shaped spot. (B) The peak-shaped 
spot. (C) The volcano-shaped spot.Page 4 of 11
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The inner hole was decreased by increasing a, and KV and
decreasing x0 and K (Figure 5).
Peak-shaped spot
The peak-shaped spot was defined as a spot having the
highest density at the central region and a declining den-
sity at the region farther from the centre (Figure 4b, left
and middle). Because the peak-shaped spot can have an
obscure boundary with the background, the edge of the
spot can often be determined by the threshold. The histo-
gram of the density of deposited cDNA was skewed to the
right (Figure 4b, right). Therefore, the mean density of
deposited cDNA is lower than the median value. Further-
more, the measure can vary with how large an area of spot
is included.
Volcano-shaped spot
We defined the peak-shaped spot having a small hole in
its peak as the volcano-shaped spot because its 3D image
resembles a volcano (Figure 4c, left and middle). The vol-
canic-shaped spot has characteristics of both the dough-
nut-shaped spot and the peak-shaped spot (Figure 4c,
right).
Simulated cDNA deposit
Using the radial profile of cDNA deposits and the spot
template images, we simulated the deposition of cDNA in
a virtual spot. In each spot template image, we set coordi-
nates of pixels on the edge contour and centre of the spot
area (Figure 6a). Using the distance from the centre to
each pixel on the edge contour, we calculated cDNA con-
centration at the moment when the contact radius
becomes r, and the quantity of cDNA molecules that bind
with the surface sites in a unit area (Figure 6b).
Parameter estimation from real microarray images
The spot morphology varies with the size of the end of the
spotting pin tip, the volume of sample delivered, the sur-
face tension of the drop, the hydrophobicity of the surface
of the slide, and so on. It has been proven that the increase
in viscosity and contact angle of a micro-drop shrinks the
initial size of the drop [25]. Using the data and equation
(2), we calculated the volume constants and the contact
angles of the common micro-drops at the moment of
being spotted on the glass slides, with the data of the spot
diameters and the volumes of delivered sample provided
by TeleChem International, Inc. [26]. We found that the
Three types of morphology of simulated cDNA depositFigure 4
Three types of morphology of simulated cDNA 
deposit. (A) The doughnut-shaped spot was generated with 
x0 = 1000, K = 0.002, a = 0.4, and KV = 2.0. (B) The peak-
shaped spot was generated with x0 = 300, K = 0.001, a = 0.4, 
and KV = 3.0. (C) The volcano-shaped spot was generated 
with x0 = 1000, K = 0.0005, a = -0.4, KV = 3.0, and. Here, 
mean, median and mode are the arithmetic mean, the value 
of the middle term ranked in increasing order, and the value 
that occurs with the highest frequency, respectively.
Simulated cDNA deposit in various shapesFig re 3
Simulated cDNA deposit in various shapes. By varying 
parameters x0, K, a, and KV with three different values, we 
obtained a total of 81 different shapes of cDNA deposit. The 
values of parameters used for simulating each shape of cDNA 
deposit are listed in the tables on the left and the bottom of 
the image.Page 5 of 11
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from a sphere-like shape with a small contact area (KV =
16.38,  = 141.14°) to a flat spherical cap shape with a
large contact area (KV = 0.46,  = 32.01°).
We estimated the four parameters from the real microar-
ray spot images. Our model is one of the constrained non-
linear optimization (CNO) problems, so that the
optimum values of the parameters of the ordinary differ-
ential equation were obtained by sequential quadratic
programming (SQP) [27], with the least squares method,
as follows:
subject to eq.(8) (10)
where  = (x0, K, a, KV), yi is the normalized pixel intensity
of a real microarray spot at distance ri from the centre of
the spot. SQP was performed on the spots of which outer
rims are circular using their radial profiles (as shown in
Figure 1c). Because the number of pixels in a spot is not
enough to fit the model, we inserted 16 dummy data
points between every pixel point on the radial profile by
using cubic Hermite spline interpolation [28]. From each
image, five spots representing each type of spot shape
were selected. The results of the study of the microarray
scanning process indicated that the range of the concen-
tration of mRNA of thousands of genes in a sample is
much wider than the dynamic range of microarray scan-
ners [29]. If the microarray scanner reads the signal out of
the linear dynamic range, the radial profile of the spot
deposit would be distorted. To focus on the physical phe-
nomenon of the deposition of cDNA molecules, the fit-
ting was performed on a limited number of spot images
whose pixel intensities were proper to be within the linear
dynamic range. The estimated values of x0 and K of the
doughnut-shaped spots were about ten times as high as
those of the peak-shaped spots, while a and KV of the
former were lower than those of the latter (Table 1 and 2).
The macromolecular interaction factor, a, is usually a pos-
itive value because cDNA molecules are usually negatively
charged, and so there is a repulsive force between cDNA
molecules. However, their electrical characteristics can be
changed, depending on the pH of the buffer solution. The
estimated parameters of the volcano-shaped spots were
highly variable. Because the volcano-shaped spots con-
tained the characteristics of both the doughnut-shaped
minimize m y x ri i
i
N
θ θ( ) = − ( )( )
=
∑ , 2
1
(9)
Simulated cDNA depositFig re 6
Simulated cDNA deposit. From the profile of cDNA 
deposits and the spot template images, the cDNA deposit 
was simulated. (A) We set (xi, yi), the coordinates of pixels 
on the edge contour, where i = 1, 2,..., n; (Cx, Cy), centre of 
the spot area; Ri, the distance from the centre to the ith pixel 
on the edge contour; and rij, the distance from the centre to 
each pixel in the spot area, where j = 0, 1,..., Ri. (B) The 3D 
images of the deposited cDNA were visualized.
Changes in inner diameter of doughnut-shaped spotFigur  5
Changes in inner diameter of doughnut-shaped spot. 
The default values of the parameters were set as x0 = 1000, K 
= 0.002, a = 0.4, and KV = 3. By decreasing the value of each 
parameter with 20 steps and fixing the other four parameters 
with the default values, we obtained 20 variously shaped 
spots and measured the inner diameters of the spots. The 
decrements of x0, K, a, and KV were set as 35, 7.5E-5, 0.04, 
and 0.1, respectively. The inner diameter was measured at 
the height of half of the maximum intensity.Page 6 of 11
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BMC Bioinformatics 2007, 8:485 http://www.biomedcentral.com/1471-2105/8/485spot and the peak-shaped spot, they have a wide variety in
the morphology. Table 1 and Table 2 show that the value
of x0 is also highly dependent on the slide.
Discussion
Unlike the ring-shaped stain formed during the evapora-
tion of a coffee drop, cDNA microarray images produce
spots of various shapes, even in the same image. A solu-
tion to the coffee drop problem can partly explain the
doughnut-shaped spot, which is one extreme of spot mor-
phology in cDNA microarray images. Doughnut-shaped
spots have frequently appeared in microarray images. In
spite of the effort to prevent such spots from being gener-
ated, there is still an uneven density of signals in a single
spot. In this study, we devised a generalized mathematical
model that can manifest a wide spectrum of spot mor-
phology.
The doughnut-shaped spot would be produced by experi-
ment under the condition that a large quantity of cDNA is
deposited early on, and so the concentration of the drop
solution is quickly lowered. Such a situation can occur
when the adsorption reaction is facilitated by a high sur-
face site density, a large equilibrium constant of the bind-
ing reaction, and a low repulsion or attraction between
cDNA molecules, or when the initial drop has a flat spher-
ical cap shape. Unlike the doughnut-shaped spot, the
peak-shaped spot would be produced under the condition
that cDNA is not likely deposited early on, and the con-
centration of the drop solution continually increases due
to the accumulated cDNA, and so the quantity of the
deposited cDNA can be the maximum at the centre. Such
a situation can occur when the adsorption reaction is
impeded by a low surface site density, a small equilibrium
constant of the binding reaction, and a high repulsion
between cDNA molecules, or when the initial drop has a
sphere-like shape.
It is known that the composition of buffer solution
changes the spot morphology [30-33]. The optimal com-
position of buffer solution has been investigated by
including detergent or betaine to 3 × SSC or 50% dime-
thyl-sulfoxide (DMSO). It is known that DMSO decreases
the surface tension of drop solution during evaporation,
while both 3 × SSC and 3 × SSC with betaine increase the
surface tension [32]. The decrease of surface tension is
Table 1: Estimated values of the four parameters of the three types of spot shapes of Image I *
Spot shape x0 K a KV MSD***
doughnut 1 101.06 5.67E-3 -0.40 1.74 3.01E-2
2 540.79 6.35E-3 -0.77 0.41 4.58E-3
3 635.04 7.35E-3 -0.47 0.71 2.71E-2
4 686.56 5.66E-3 -0.51 0.44 5.24E-3
5 777.05 2.73E-3 -0.56 0.64 1.69E-2
mean 548.10 5.55E-3 -0.54 0.79 1.68E-2
SD** 264.12 1.72E-3 0.14 0.55 1.19E-2
volcano 1 † 599.58 2.76E-3 -0.55 2.45 8.12E-4
2 † 265.87 1.61E-3 0.70 2.82 8.96E-3
3 † 401.92 1.59E-3 -0.72 0.60 3.50E-3
4 †† 32.69 5.23E-3 0.14 3.31 4.21E-3
5 †† 27.10 7.30E-3 0.65 5.43 4.57E-4
mean 265.43 3.70E-3 0.04 2.92 3.59E-3
SD** 245.59 2.50E-3 0.66 1.74 3.42E-3
peak 1 39.41 2.55E-4 0.04 4.59 2.26E-2
2 39.87 2.90E-4 0.18 1.12 1.14E-3
3 37.51 8.42E-4 0.22 2.68 7.56E-3
4 37.59 8.41E-4 0.22 2.21 1.13E-3
5 41.39 2.24E-4 0.86 2.45 1.06E-2
mean 39.15 4.90E-4 0.30 2.61 8.61E-3
SD** 1.64 3.21E-4 0.32 1.26 8.83E-3
* This image was obtained from Stanford MicroArray Database [38]: Experiment ID, 50150; Experiment name, MMAF array batch on PLL QC-1; 
Category, Quality Control; Subcategory, Array Batch QC; Slide name, mmaf042.
** Standard deviation.
*** Mean squared deviation, .
† The spot shape was close to the doughnut-shape.
†† The spot shape was close to the peak-shape.
MSD = −( )
=∑1 21N y xi ii
NPage 7 of 11
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BMC Bioinformatics 2007, 8:485 http://www.biomedcentral.com/1471-2105/8/485accompanied with a decrease in the contact angle and KV.
Moreover, DMSO denatures DNA to be bound well with
surface sites [34], which means the increases of the equi-
librium constant for the binding reaction, Ke-ax. Putting
them together, DMSO would decrease KV and a, and
increase K. Figure 3 and 5 show that the doughnut shape
is aggravated by increasing K and x0 and decreasing KV and
a. As a result, DMSO would aggravate the doughnut
shape. In addition, there is a study that the length and the
sequence arrangement of DNA molecules would influ-
ence on the morphological organization of the deposit
[35]. The macromolecular interaction factor, a, would
reflect the length and sequence arrangement of DNA
molecules.
The extrapolated equilibrium constant for the binding
reaction K also reflects the condition of the slide surface.
While homemade poly-L-lysine-coated glass slides have
been widely used, several commercial microarray slides
are now preferred, such as the FMB cDNA slide (Full
Moon Biosystems Inc.), ArrayIt SuperAmine and SuperAl-
dehyde slides (TeleChem International, Inc.). It is known
that CMT-GAPS™ slides (Corning) makes the spot mor-
phology much more uniform by preventing doughnut
shape formation [34]. It can be assumed that the slides are
manufactured to have the optimal binding efficiency. The
surface site density, x0, affects the efficiency of cDNA bind-
ing. The increase in x0 facilitates the forward reaction of
equation (4) and vice versa.
The uneven density of cDNA can cause errors in measur-
ing the ratio of gene expression. Let 3 and 5 be the concen-
tration of mRNA of the control (Cy3) and experiment
samples (Cy5), respectively. The quantity of hybridized
mRNA with cDNA in a unit area is determined in an equi-
librium state, such as
where x is the local density of cDNA, and x3 and x5 repre-
sent the quantity of hybridized mRNA of both samples in
Cy Cy cDNA Cy cDNA Cy cDNA
x x x
k
k x x
h
h
3 5 3 5
3 5 3 5 3 5γ γ
+ + ⎯ →⎯⎯← ⎯⎯⎯ ⋅ + ⋅
− −
+
−
γ
γ γ
5
3
1
3 5
3
3
5
3
2
=
− −( )
⎛
⎝
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⎞
⎠
⎟ = + −K x x x
x x
x
for K k kh h
(11)
Table 2: Estimated values of the four parameters of the three types of spot shapes of Image II *
Spot shape x0 K a KV MSD***
doughnut 1 138.07 2.86E-3 -0.89 0.21 3.72E-2
2 144.76 1.73E-3 -0.74 0.30 1.08E-2
3 198.19 1.68E-3 -0.65 0.48 1.70E-2
4 294.20 3.01E-3 -0.26 0.36 2.60E-2
5 367.35 3.88E-3 -0.37 1.10 2.77E-2
mean 228.51 2.63E-3 -0.58 0.49 2.37E-2
SD** 99.63 9.31E-4 0.26 0.35 1.02E-2
volcano 1 † 41.02 1.78E-2 -0.14 1.35 2.43E-2
2 † 433.28 6.11E-2 -0.08 1.68 7.35E-3
3 † 467.53 2.24E-3 -0.17 2.96 6.77E-3
4 †† 60.19 4.40E-3 -0.18 2.60 1.09E-2
5 †† 62.10 6.17E-3 -0.01 1.59 1.43E-2
mean 212.82 1.83E-2 -0.12 2.04 1.27E-2
SD** 217.38 2.46E-2 0.07 0.70 7.14E-3
peak 1 56.92 1.59E-3 0.28 3.51 2.69E-3
2 69.96 1.68E-4 0.31 3.02 2.36E-3
3 58.17 5.02E-4 0.38 2.44 1.55E-3
4 60.20 3.81E-4 0.73 1.75 1.92E-3
5 52.05 4.66E-4 0.35 2.39 9.64E-4
mean 59.46 6.22E-4 0.41 2.62 1.90E-3
SD** 6.59 5.59E-4 0.19 0.67 6.78E-4
* This image was obtained from Stanford MicroArray Database [38]: Experiment ID, 50151; Experiment name, MMAF array batch on PLL QC-2; 
Category, Quality Control; Subcategory, Array Batch QC; Slide name, mmaf210.
** Standard deviation.
*** Mean squared deviation, .
† The spot shape was close to the doughnut-shape.
†† The spot shape was close to the peak-shape.
MSD = −( )
=∑1 21N y xi ii
NPage 8 of 11
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linear to the ratio of mRNA concentration only when the
quantity of hybridized mRNA can be approximated to be
linear to the concentration of mRNA in the solution.
Where the density of cDNA is much lower, such as in the
centre of the doughnut-shaped spot, the quantity of the
hybridized mRNA is saturated early in this region. Because
the concentration of mRNA is uniform in the solution, the
quantity of hybridized mRNA cannot be linear to the con-
centration of mRNA. Then the ratio of the signal fails to
reflect the original ratio of mRNA expression. When we
assume that x, the local density of cDNA, is much larger
than (x3 + x5), equation (11) can be simplified, as follows:
We have estimated parameters from real microarray
images, but not all spot images were successful. It was
practically impossible to fit our model equation to the
doughnut-shaped spots, whose centre part has signifi-
cantly high intensity. Table 1 and Table 2 show the mean
squared deviation (MSD) between real and estimated
data, as the goodness-of-fit measure. MSDs obtained from
the doughnut-shaped spots were relatively larger than
those of the other spots. We expect this problem origi-
nates from two major reasons: the effect of diffusion when
the microarray slide passes through the hybridization
process, and nonlinear transformation of spot signals to
image intensity when the region out of dynamic range of
the microarray scanner was used in converting spot sig-
nals. The effect of hybridization on the change in cDNA
density is still controversial. Tran et al.[36] claimed that
DNA spotted on a glass slide diffuses during hybridiza-
tion. However, this conflicts with the opinion of Pappaert
et al.[37], who claimed that the doughnut shape occurs
not only from the uneven distribution of DNA deposition
but also from the hybridization process. We observed a
few microarray images that have concentric circles in the
spots. Even though we did not include such phenomenon
in this study, it is considered a result of the repetition of
pinning and depinning of the contact line [10], and
should be investigated further.
Conclusion
We developed a governing equation that can explain the
dynamics of cDNA deposition during evaporation of a
drop in the microarray spotting process. Experimental
conditions were parameterized and included in the gov-
erning equation. The parameters determining the spot
morphology were brought from the physical and chemi-
cal factors. This explains how various spot shapes can exist
and suggests which parameters are to be adjusted for
obtaining a good spot. This system is able to explore the
cDNA microarray spotting process in a predictable, man-
ageable and descriptive manner. We hope it provides a
way to predict the incidents that can occur during a real
cDNA microarray experiment, and produce useful data for
several research applications involving cDNA microarrays.
Methods
Mathematical model
Equation (2) was obtained as follows: consider a spherical
cap which has the radius of sphere R, and cap height h.
Then the volume V and the surface area S are
When we consider the contact radius r and the contact
angle , then
R = r csc
h = R(1 - cos ) = r csc (1 - cos ).
Then the volume and the surface area are the functions of
the contact radius and the contact angle, such as
Equation (5) was obtained by combining equation (1)
and (3), such that
Because the contact angle is constant at state II, KV does
not vary with time, and therefore, the first term on the left-
hand side of the equation above can be omitted, as fol-
lows:
Tools for analysis and visualization
The ordinary differential equation, equation (8) was
solved by applying the backward differentiation formula
(BDF) method. cDNA deposits were simulated with a
radius of 100 m, which were converted to images at a res-
olution of 10 m/pixel using LabVIEW and NI-Vision 8.2
(National Instrument, Inc.). The templates of spots were
obtained by using the edge detection technique [1]. BDF,
γ
γ γ
5
3
1 3
3
5
3
2
=
⎛
⎝
⎜
⎞
⎠
⎟
Khx
x x
x
. (12)
V h R h
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= −( )
=
1
3
3
2
2π
π .
V r
S r
= −( ) +( )
= −( )
1
3
1 2
2 1
3 3 2
2 2
π θ θ θ
π θ θ
csc cos cos
csc cos .
r
dKV
dt
K r
dr
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3 2 23+ = − .
3 2 2K r
dr
dt
K K rV E S= − .Page 9 of 11
(page number not for citation purposes)
BMC Bioinformatics 2007, 8:485 http://www.biomedcentral.com/1471-2105/8/485CNO, and cubic Hermite spline interpolation were imple-
mented with tools in LabVIEW.
Data sources
All of the real microarray images were obtained from Stan-
ford MicroArray Database [38]. The data of the spot diam-
eters and the volume of the initial drop of cDNA solution
were obtained from TeleChem International, Inc. [39].
Authors' contributions
HYK, SEL and JHK are responsible for writing the manu-
script. MJK, JIH and BKK performed simulation and visu-
alization. YSL2 and YSL3 were involved in discussions and
provided experiment data. All authors participated in the
study and approved the final manuscript.
Acknowledgements
This work was supported by grants M10447010002-07N4701-00210 and 
M10641280004-06N4128-00410 from the national R&D project of MOST/
KOSEF.
References
1. Kim JH, Kim HY, Lee YS: A novel method using edge detection
for signal extraction from cDNA microarray image analysis.
Experimental & molecular medicine 2001, 33(2):83-88.
2. Li Q, Fraley C, Bumgarner RE, Yeung KY, Raftery AE: Donuts,
scratches and blanks: robust model-based segmentation of
microarray images.  Bioinformatics (Oxford, England) 2005,
21(12):2875-2882.
3. Balagurunathan Y, Dougherty ER, Chen Y, Bittner ML, Trent JM: Sim-
ulation of cDNA microarrays via a parameterized random
signal model.  J Biomed Opt 2002, 7(3):507-523.
4. Wierling CK, Steinfath M, Elge T, Schulze-Kremer S, Aanstad P, Clark
M, Lehrach H, Herwig R: Simulation of DNA array hybridization
experiments and evaluation of critical parameters during
subsequent image and data analysis.  BMC bioinformatics 2002,
3:29.
5. Lalush DS: Characterization, modeling, and simulation of
mouse microarray data.  Methods of Microarray Data Analysis III first
Boston, USA, Kluwer 2003.
6. Albers CJ, Jansen RC, Kok J, Kuipers OP, van Hijum SA: SIMAGE:
simulation of DNA-microarray gene expression data.  BMC
bioinformatics 2006, 7:205.
7. Nykter M, Aho T, Ahdesmaki M, Ruusuvuori P, Lehmussola A, Yli-
Harja O: Simulation of microarray data with realistic charac-
teristics.  BMC bioinformatics 2006, 7:349.
8. Deegan RD, Bakajin O, Dupont TF, Huber G, Nagel SR, Witten TA:
Capillary flow as the cause of ring stains from dried liquid
drops.  Nature 1997, 389(23):827-829.
9. Latterini L, Blossey R, Hofkens J, Vanoppen P, De Schryver FC, Rowan
AE, Nolte RJM: Ring Formation in Evaporating Porphyrin
Derivative Solutions.  Langmuir 1999, 15(10):3582-3588.
10. Deegan RD: Pattern formation in drying drops.  Phys Rev E Stat
Phys Plasmas Fluids Relat Interdiscip Topics 2000, 61(1):475-485.
11. Deegan RD, Bakajin O, Dupont TF, Huber G, Nagel SR, Witten TA:
Contact line deposits in an evaporating drop.  Physical Review E
2000, 62(1 Pt B):756-765.
12. Fainerman VB, Miller R, Aksenenko EV: Simple model for predic-
tion of surface tension of mixed surfactant solutions.  Advances
in colloid and interface science 2002, 96(1-3):339-359.
13. Yildirim Erbil H, McHale G, Newton MI: Drop evaporation on
solid surfaces: constant contact angle mode.  Langmuir 2002,
18(7):2636-2641.
14. Popov YO: Evaporative deposition patterns: spatial dimen-
sions of the deposit.  Phys Rev E Stat Nonlin Soft Matter Phys 2005,
71(3 Pt 2B):036313.
15. Heim T, Preuss S, Gerstmayer B, Bosio A, Blossey R: Deposition
from a drop: morphologies of unspecifically bound DNA.
Journal of Physics: Condensed Matter 2005, 17(9):S703-S716.
16. Schena M: Microarray analysis.   Wiley-Liss Hoboken, NJ; 2003. 
17. Shanahan MER, Bourges C: Effects of Evaporation on Contact
Angles on Polymer Surfaces.  Int J Adhes Adhes 1994,
14(3):201-205.
18. Yildirim Erbil H, McHale G, Newton MI: Analysis of evaporating
thick liquid films on solids.  Journal of Adhesion Science and Technol-
ogy 2002, 16(14):1869-1881.
19. Dugas V, Broutin J, Souteyrand E: Droplet evaporation study
applied to DNA chip manufacturing.  Langmuir 2005,
21(20):9130-9136.
20. Fukai J, Ishizuka H, Sakai Y, Kaneda M, Morita M, Takahara A: Effects
of droplet size and solute concentration on drying process of
polymer solution droplets deposited on homogeneous sur-
faces.  International Journal of Heat and Mass Transfer 2006, 49(19-
20):3561-3567.
21. Banwart SA: Aqueous speciation at the interface between geo-
logical solids and groundwater.  In Modelling in aquatic chemistry
Edited by: Grenthe I, Puigdomenech I.  OECD Publications;
1997:245-287. 
22. Ulrich HJ, Stumm W, Cosovic B: Adsorption of aliphatic fatty
acids on aquatic interfaces. Comparison between two model
surfaces: the mercury electrode and d-Al2O3 colloids.  Envi-
ron Sci Technol 1988, 22(1):37-41.
23. Petersen PB, Saykally RJ: Probing the interfacial structure of
aqueous electrolytes with femtosecond second harmonic
generation spectroscopy.  J Phys Chem B 2006,
110(29):14060-14073.
24. Ronen M, Botstein D: Transcriptional response of steady-state
yeast cultures to transient perturbations in carbon source.
Proceedings of the National Academy of Sciences of the United States of
America 2006, 103(2):389-394.
25. Ho CE, Tseng FG, Lin SC, Su CJ, Liu ZY, Yu RJ, Chen YF, Huang H,
Chieng CC: Characterization of the surface tension and vis-
cosity effects on the formation of nano-liter droplet arrays
by an instant protein micro stamper.  Journal of Micromechanics
and Microengineering 2005, 15(12):2317-2325.
26. Stealth Micro Spotting Device   [http://www.arrayit.com/Prod
ucts/Printing/Stealth/stealth.html]
27. Li Z, Osborne MR, Prvan T: Parameter estimation of ordinary
differential equations.  IMA Journal of Numerical Analysis 2005,
25(2):264.
28. Bartels RH, Beatty JC, Barsky BA: An Introduction to Splines for
Use in Computer Graphics and Geometric Modelling.   Mor-
gan Kaufmann Publishers, CA; 1998:9-17. 
29. Shi L, Tong W, Su Z, Han T, Han J, Puri RK, Fang H, Frueh FW, Good-
said FM, Guo L, Branham WS, Chen JJ, Xu ZA, Harris SC, Hong H,
Xie Q, Perkins RG, Fuscoe JC: Microarray scanner calibration
curves: characteristics and implications.  BMC bioinformatics
2005, 6 Suppl 2:S11.
30. Diehl F, Grahlmann S, Beier M, Hoheisel JD: Manufacturing DNA
microarrays of high spot homogeneity and reduced back-
ground signal.  Nucleic Acids Res 2001, 29(7):E38.
31. Kreil DP, Auburn RP, Meadows L, Russell S, Micklem G: Quantita-
tive microarray spot profile optimization: a systematic eval-
uation of buffer/slide combinations.  In German Conference in
Bioinformatics Munich, Germany ; 2003. 
32. McQuain MK, Seale K, Peek J, Levy S, Haselton FR: Effects of rela-
tive humidity and buffer additives on the contact printing of
microarrays by quill pins.  Analytical biochemistry 2003,
320(2):281-291.
33. Rickman DS, Herbert CJ, Aggerbeck LP: Optimizing spotting solu-
tions for increased reproducibility of cDNA microarrays.
Nucleic Acids Res 2003, 31(18):e109.
34. Hegde P, Qi R, Abernathy K, Gay C, Dharap S, Gaspard R, Hughes JE,
Snesrud E, Lee N, Quackenbush J: A concise guide to cDNA
microarray analysis.  Biotechniques 2000, 29(3):548-556.
35. Lallemand D, Rouillat MH, Dugas V, Chevolot Y, Souteyrand E,
Phaner-Goutorbe M: AFM characterization of ss-DNA probes
immobilization: a sequence effect on surface organization.
Journal of Physics: Conference Series 2007, 61(1):658-662.
36. Tran PH, Peiffer DA, Shin Y, Meek LM, Brody JP, Cho KWY: Micro-
array optimizations: increasing spot accuracy and auto-
mated identification of true microarray signals.  Nucleic Acids
Research 2002, 30(12):e54.
37. Pappaert K, Ottevaere H, Thienpont H, Van Hummelen P, Desmet G:
Diffusion limitation: a possible source for the occurrence ofPage 10 of 11
(page number not for citation purposes)
BMC Bioinformatics 2007, 8:485 http://www.biomedcentral.com/1471-2105/8/485Publish with BioMed Central   and  every 
scientist can read your work free of charge
"BioMed Central will be the most significant development for 
disseminating the results of biomedical research in our lifetime."
Sir Paul Nurse, Cancer Research UK
Your research papers will be:
available free of charge to the entire biomedical community
peer reviewed and published immediately upon acceptance
cited in PubMed and archived on PubMed Central 
yours — you keep the copyright
Submit your manuscript here:
http://www.biomedcentral.com/info/publishing_adv.asp
BioMedcentral
doughnut patterns on DNA microarrays.  BioTechniques 2006,
41(5):609-616.
38. Stanford MicroArray Database    [http://genome-www5.stan
ford.edu]
39. TeleChem International, Inc.    [http://www.arrayit.com]
40. Spellman PT, Sherlock G, Zhang MQ, Iyer VR, Anders K, Eisen MB,
Brown PO, Botstein D, Futcher B: Comprehensive Identification
of Cell Cycle-regulated Genes of the Yeast Saccharomyces
cerevisiae by Microarray Hybridization.  Molecular biology of the
cell 1998, 9(12):3273-3297.Page 11 of 11
(page number not for citation purposes)
